Photo polymerization characteristics of UV curable resist in UV nanoimprint lithography are studied on monomer conversion ratio. The monomer conversion ratio is measured by Fourier Transform Infrared Spectroscopy (FT-IR) and polymerization velocity is theoretically investigated. The relation between monomer conversion ratio and UV intensity is investigated. Also, dependence of polymerization velocity on resist thickness is discussed. Monomer conversion rate is related to the product of square root of the UV intensity and exposure time. The reaction speed decreases in thin films.
Introduction
Nanoimprint lithography [1, 2] is one of the promising lithographic technologies for advanced devices. There had been proposed two ways of processes. One is a thermal nanoimprint lithography (T-NIL), which uses thermoplastic resins [1] and the other is an ultra-violet nanoimprint lithography (UV-NIL), which uses UV callable resins [2] . A T-NIL is applicable for various kinds of functional organic materials, however it needs long process time for thermal process. On the other hand, an UV-NIL is done under room temperature and the process time is shorter than a T-NIL. Also, the process is compatible to a conventional photo lithography process.
Recently, various industrial applications such as optical elements such anti-reflection structures, optical diffuser structures, or display devices are approached for fine pattern transfer using UV-NIL process for sub quarter micron lithography. One of the key technologies in UV-NIL is an UV curable resist [3] [4] [5] [6] [7] . The UV resist is demanded high speed curing, lower shrinkage, sufficient rigidness and low adhesion property after UV curing. Evaluation and understanding of UV curing characteristics are indispensable for process design for UV-NIL and material optimizations [8] [9] [10] [11] [12] [13] [14] . We had been reported curing properties on typical resist and proposed physical modeling for process simulation in UV-NIL [15] .
In this report, kinetics of UV polymerization for test rig resin is discussed based on experimental study. Also, numerical model for resist curing is investigated.
UV curing model
The kinetic of photo polymerization is briefly explained as follows [16] . The photo initiator i C generates radical
This process is called an initiation reaction. The radical reacts with monomer M in a resin and turns radical monomer
Then, the radical monomer reacts with another monomer as a chain reaction.
Finally, they react with each other and the chain reactions are terminated. 
The initiation reaction velocity
Substituting eq.8) for eq. 6), p V is expressed as:
As a result, the time dependent monomer concentration is expressed as
When the photo initiator is enough contained in the resin and the degradation is ignored
is intimal concentration of monomer. As a result the monomer conversion ratio CR becomes
On the other hand, the rate of photochemical initiation is given by 
, where ] [ o C is the concentration of the primary initiator in the resin. As a result, the conversion ratio is expressed as
The conversion is related to t I  and  . We define t I  and  as effective conversion time and related time constant of the polymerization, respectively.
In the above discussions in Eq. (11), the photo initiator is enough supplied by the primary initiator and ] [ i C is considered to be constant. To verify the assumption, the concentration of the photo initiator is observed by UV absorption spectrum USB4000-UV-VIS (Ocean Optics). Figure 1 shows the UV absorbance spectrum for C-TGC-02 resist (TOYO GOSEI), which is a test rig rein containing Acrylic acid adduct of propyleneglycol diglycidyl ether (EPOXYESTER 70PA) as polymerization resin with 2-methyl-1-(4-methylthiophenyl)-2-morpholinopropane-1-one (IRGACURE907) as UV-polymerization initiator. The UV absorbance is almost constant blow around 100 mJ in dosage. This means the primary initiator supplies sufficient photo initiator and the concentration of the photo initiator is almost constant (
) and the eq. 11) and 15) are approved below 100 mJ in UV dosage.
UV curing property 3.1 Evaluation of UV curing model
To evaluate the monomer conversion in the C-TGC-02 resist, cleavage between double bond of carbons in monomer is observed using Fourier Transform Infrared Spectroscopy (FT-IR). The cleavage occurs at 810 cm -1 in wave number. Figure 2 shows measured conversion ratio of the monomer for various UV intensities using PAGA-100 (Lithotech Japan) under inert gas ambient to avoid oxygen inhibition. Figure 2 shows relations between effective conversion time t I  and conversion ratio for various UV intensity. In those cases, the consumption energy (2 mJ) for a photo stabilizer to inhibit chain reaction is subscripted. The monomer conversion ratios for various UV intensities are expressed as a function of t I  as explained in eq. (15) . To extract the relative time constants
is plotted as shown in Fig.3 . The gradient gives the relative time constant, however the relation between ) 1 ln(  CR and t I  is not liner. The gradient generally decreases as increment of the exposure time. In an early stage of the polymerization, the velocity of the chain reaction is first because it is easy to find new monomer close to radical monomer and the reaction speed is high. In accordance with the polymerization proceeds, the polymer turns rigid and monomer concentration decreases at a convergence stage. As a result, the chain reaction speed goes down. The time constant is extracted in two stages as e  for early stage and c  for convergence stage. Table 1 shows the result. The polymerization phenomena for C-TGC-02 resist is expressed as Based on the extracted parameters, the conversion rate is plotted as the UV exposure time proceeds as shown in Fig.4 . As demonstrated above, the conversion rate is successfully expressed based on theoretical expression. 
Relation to mechanical property
Not only chemical kinetics, mechanical property is essential for UV-NIL. Modulus of the UV resist during UV exposure has been reported in previous report using UV rheology meter MCR301 (Anton Paar). Figure 5 shows storage modulus of C-TGC-02 resist as a function of the effective conversion time t I  . As explained above, the modulus also related to the effective conversion time t I  for various UV intensities. As shown in Fig.6 , there exists correlation with each other as expressed
The , and 8.5, respectively. As a result, elastic modulus under arbitrary UV intensity and exposure time is derived using Eqs. (16) and (17) . This is very practical for process designing and simulation.
UV cuaring in thin layer
In UV-NIL process for VLSI applications, the residual thickness of the resist is demanded to be thin. To investigate the polymerization in thin layer, the monomer conversion ratio of C-TGC-02 resist is evaluated using FT-IR as described above. Figure 7 shows the relations between conversion ratio CR and effective conversion time t I  . In both stages, the polymerization speed decreases in thin resist. To characterize the polymerization speed, the related time constants are extracted. Figure 8 (a) and (b) show ) 1 ln(  CR at an early and a convergence stages, respectively. At an early stage, the gradient decreases as the resist thickness becomes thinner. Figure 9 (a) and (b) show relative time constants at the early and the convergence stages in variation of the resist thickness.
At an early stage of polymerization, the relative time constant e  increases as the resist thickness decreases. The polymerization speed decreases below 200 nm of thickness and becomes to one-third when the resist thickness is 100 nm. On the other hand, the relative time constant c  at convergence stage is almost constant. One of the reasons is that the radical is deactivated at the both ends of the resist surfaces in thin films and the chain reactions terminated.
Conclusions
Monomer conversion characteristics as polymerization kinetics in UV nanoimprint resist are evaluated in experimentally and investigated in theoretically. Monomer conversion rate is related to the effective exposure time of UV light, which is product of square root of the UV intensity and exposure time. Time constants of the reactions are extracted and the reaction speed decreases at an convergence stage and thin films.
Those characterizations are useful for process and material design for rapid UV-NIL process and also kinetic modeling for computer simulations.
